We report on the angular and field dependence of the magnetoresistance (MR) in bilayers of Pt/EuO 1−x thin films, measured in both in-plane and out-of-plane geometries at different temperatures (T ). Presence of oxygen vacancies manifested by a metal-insulator transition as well as a high-T ferromagnet to paramagnet transition (T P ) were observed in the bilayers. The Anisotropic Magnetoresistance (AMR) could be extracted in the entire T -range, even above T P , exhibiting two sign crossovers. We attribute its T -evolution to the rotation of easy axis direction from a high-T out-of-plane to a low-T in-plane orientation. In addition, considering MR contributions from the films' (111) texture and interface, we identify a T -window wherein the spin Hall effect induced spin Hall magnetoresistance (SMR) could be extracted.
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EuO has a rocksalt structure(a=0.5144 nm) whose ferromagnetic response below its Curie temperature (T c ) of 69 K is due to the half-filled 4f Eu 2+ orbital 1 . Oxygen deficient EuO, i.e. EuO 1−x is intrinsically electron doped and undergoes a simultaneous ferromagnetic and insulating-conducting phase transition, while the conduction electrons become nearly 100% spin polarized 2 . Such doping is also known to enhance the bulk T c to above 140 K 2 . However, very little has been explored in this material with respect to its magnetotransport properties 3 .
The variation of electrical resistance on application of magnetic fields is broadly termed as magnetoresistance (MR). In bilayers of a heavy metal (HM) and ferromagnetic insulator (FI) a new type of MR has been discovered that utilizes the large spin-orbit coupling of the HM to generate (detect) spin currents via the direct (inverse) spin Hall effect, SHE (ISHE). This phenomena is referred to as the spin Hall magnetoresistance (SMR) 4 observed first in a Pt/YIG bilayer. It has proven instrumental in quantifying the spin mixing conductance (G mix ) of HM/FI bilayers 5? , which influences several spin transport phenomena such as the spin Seebeck effect 6, 7 .
In a HM/Ferromagnet (FM) bilayer, if the FM is conducting or if proximity induced magnetism is developed in the the HM, as in Pt and Pd, then along with the SMR, AMR is also detected in magnetic field orientation dependent MR (or angle dependent MR, ADMR) and magnetic field amplitude dependent MR (or field dependent MR, FDMR) 8, 9 . AMR originates from the spin-orbit coupling in FM 10 and hence is sensitive to the charge, orbital, spin and lattice degrees of freedom. For instance, it has been used to probe systems undergoing simultaneous metal-insulator and ferromagnet-paramagnet phase transition like in manganites 11 . In particular, AMR has been shown to be a useful tool to probe bulk magnetic domain configuration, exhibiting a sign change or crossover as a function of T under a spin reorientation transition 12, 13 .
Here we report on the observation of SMR and AMR in the bilayer of Pt and EuO 1−x . The sign of the AMR changes twice in the T -range under study and remains finite even above T P . The AMR results are compared with the bulk magnetization measurements to understand how the magnetization state influences the resistance. In contrast, the SMR is negative and vanishes above T P . The nominal textured polycrystalline sample structure used for the experiments is depicted in Fig. 1(a) . A field cooled M-T for the sample exhibits two dome-like features (see supplementary Fig. 1 ). The low-T feature observed at 65 K (T EuO ), is close to the T c observed in bulk stoichiometric EuO (∼69 K) and another at 144 K (T P ) corresponds to the extended T c . The soft ferromagnetic nature and in-plane easy axis at 10 K is evident from the M-H hysteresis loops depicted in Fig.1(c) , determined using SQUID magnetometery. Futher details of the sample deposition conditions and additional structural and magnetic characterization can be found in 7 .
Resistivity determination in bare EuO 1−x is tedious owing to the difficulty in getting proper ohmic contacts 14 . IN our previous study 7 , we demonstrated that an estimate of the resistivity of our EuO 1−x layer can be made from the measured trilayer resistance of the entire stack, by assuming three resistances corresponding to the three layers connected in parallel (see Fig. 2 in supplementary for further details). Comparing to other reports on EuO 1−x 15 , we find that this approach captures the main features of the T -dependent resistivity, particularly the MIT at T EuO , as well as the low-T order of magnitude, reasonably well.
For magnetotransport experiments we pattern the top Pt layer into Hall bar structures using standard photolithography and argon ion milling as illustrated in Fig. 1(a) . The four probe longitudinal resistance, R long (hereafter just R) was calculated from the measured voltage V long , using lock-in technique under an applied AC current of frequency 333 Hz. For ADMR, we rotate a constant magnetic field of 0.25 T along jt, nt and nj planes with angles α (ip), β (oopt) and γ (oopj) with respect to j-, nand n-axes, respectively (see Fig.  1(b) ). FDMR is studied in magnetic fields upto 0.35 T, applied along the two orthogonal axes, in each of the three configurations, ip, oopt and oopj. The maximum applied fields are larger than the coercive fields for both in-plane (ip) and out-of-plane (oop) orientation and hence m can be assumed to follow M. To determine the T -dependence, the sample was thermally anchored in a modified closed cycle cryostat and cooled from 300 K to 10 K and subsequently ADMR and FDMR was recorded by warming to the desired-T. First, we will discuss the observed MR in the γ scan which is sensitive to the AMR arising from current flow in the conducting EuO 1−x .
The main results are highlighted in Fig. 2 . First, we verified the existence of a MR effect by recording the variation in R as a function of H (R(H)). Figure 2 (a) shows the M R percentage (= 100 × (R(H = 0) − R(H))/R(H = 0)) obtained at different-T with H oriented along j (γ = 90 o ) and n (γ = 0 o ). We observe characteristic hysteretic switching behavior of R at the coercive fields (see inset of Fig. 2 (a) at 12 K) for both H orientations at low T, however, it becomes progressively less evident with an increase in T. This resembles the isothermal M (H) loops, which also shows vanishing coercivity at high-T 7 . The nonsaturating nature of M R, within the accessible range of H, particularly in the ip direction, can be explained based on the CMR effect, that is known to contribute a significant negative , where H c is outof-plane coercive field at 10 K. It is taken to be positive when R(H||j) > R(H||n). The AMR ratio, ∆R AM R /R(H||n) obtained at different-T are presented in Fig. 2(b) . Three stricking features that emerge from the T -dependence are, (i) the AMR is non-zero even above T P , (ii) the sign-change or crossover happens twice in the T -range and (iii) it exhibits a minimum at T EuO . These characteristics are reproduced by the AMR ratio calculated from ADMR experiments as well (0.25 T data in Fig. 2(b) ). Some representative ADMR results at different-T are shown in supplementary Fig. 3 , which undoubtedly captures the sign change as 90 o phase shifts in the γ dependence. The peak feature in EuO 1−x suggests presence of competing interactions which we will now discuss by comparing our results with bulk magnetometry measurements performed using a SQUID magnetometer.
Although a negative AMR is opposite to the conventional behavior of ferromagnetic 3d alloys 10 , it has been reported in different systems [11] [12] [13] . In congruence to these reports, we propose that the observed T -dependence of AMR stems from a competition between ip and oop magnetic anisotropy culminating in a complete spin reorientation from oop to ip below 45 K. In order to support our arguments we recorded the magnetization of the sample as a function of T after cooling the sample at 0.25 T external field, applied parallel and perpendicular to the sample plane. We represent the scaled magnetization as a function of T after subtracting its value at 300 K (that takes into account small offsets) in Fig. 3(a) . Firstly, from the figure it is evident that at certain T -regions both the ip and oop curves match indicating absence of any preferred orientation in this range (highlighted by the nearly zero ∆M region in the inset). In contrast, for T <45 K, M (H n) > M (H ⊥n) i.e. it is relatively easier to orient M ip than oop, whereas for T >∼ 69 K, M (H n) < M (H ⊥n) i.e. the easy axis of orientation is oop. The low-T behavior was discussed before as well by illustrating the nature of hysteresis loop for ip and oop H orientations (see Fig. 1(c) ). Such a reorientation of the easy axis with decrease in T have been reported before [11] [12] [13] . Incidentally, the observation of increasing trend in AMR below 65 K also coincides with the emergence of exchange dominated ferromagnetic region. As the saturation magnetization increases with decreasingT, so does the dipolar shape anisotropy of the thin film, leading to a progressively ip allignment of the easy axis. Once this allignment is complete below 45 K, the AMR changes. However, the oop allignment of the easy axis above 65 K still needs to be elucidated. It is well known that strains in magnetic thin films affect the direction of its anisotropy 11 . Analogously, we argue that the (001) preferential oop orientation of the grains corroborated from x-ray diffraction measurements 7 determines the anisotropy direction above 65 K. The sign of the AMR in both these cases can be understood noting that the cross-section for electron scattering is lower when M is perpendicular to the current than when M is parallel i.e. R(M J) > R(M ⊥ J), thereby making AMR a useful tool to capture the relative changes in the magnetization components along ip and oop. The small yet non-zero positive AMR above T P might originate due to induced polarization in the vicinity of T P due to presence of an applied field. The H dependence of high-T sign crossover (see supplementary Figure 2 (c)) indeed suggests such a picture. However, further investigation is required to confirm. Next we demonstrate the presence of an MR from FDMR and ADMR experiments in the oopj geometry as well, within the same T and H range, which in this case is sensitive to SMR in such HM/FM bilayers. The main results are summarized in Fig. 3 . In the R(H) results we observe similar hysteretic switching behavior, discernible at low-T (see supplementary Figure 3 ). Noteworthy, we do not observe any change in R(H) above T P . This becomes evident when we plot the MR ratio, defined as (R(H||t) − R(H||n))/R(H||n) = ∆R M R /R, for two H values as a function of T (see Fig. 3(c) ). The negative MR is by convention and corresponds to the "normal" situation 8 in the case of pure SMR. The ADMR results illustrated in Fig. 3(b) at 0.25 T, also reflect identical behavior. Notable differences from AMR can be identified, such as the invariance of sign and importantly, disappearance of signal above T P , thereby highlighting difference in physical origin between the two MRs.
Before interpreting the origin of this MR, it is important to consider the contribution from other known MR effects in this geometry, particularly arising due to the presence of texture in the films. Here we will consider two widely known effects; first is the Geometrical Size Effect (GSE) which is a consequence of the crystallinity and anisotropic orientation of the grains 16, 17 . It is has been shown to be independent of the FM thickness 18 and presumably T -independent 19 as well. Although its behavior near FM's T c is not well established. Additionally, for GSE dominated ADMR, the maximas appear at ±90deg which is in contrast to the present data. The second effect known as the Anisotropic Interface Magnetoresistance (AIMR) have been shown to dominate the oopj MR behavior in very thin films, diminishing in magnitude at higher thicknesses [16] [17] [18] . In addition, the same reports found the magnitude to be nearly 2-3 orders smaller in the ip configuration compared to the oop. Subsequently, we expect only AMR contribution to be present in the MR extracted from ip ADMR measurements for a film with the top Pt etched, as shown in Fig. 3(e) . Evidently, it reproduces the features similar to the AMR in Fig.2(b) , thereby confirming that the observed MR in oopt for the Pt capped film is dominated by AMR. Furthermore, if significant AIMR is present, then the sum of MRs in the oopt and oopj at different T would not be able to corroborate the ip T -dependence. Fig. 5 in supplementary suggests that except at very low temperature (<45 K i.e when anisotropy is in-plane), the MR extracted from ip ADMR measurements is fairly reproduced by the sum of oopt and oopj MRs (for H = 0.25T ). Consequently, the T -dependence of the MR is taken to be pure SMR(T ) above 45 K. Other than a small AIMR, a proximity induced ferromagnetism in Pt can also result in the low-T mismatch, however further experiments are needed to resolve this. Here we focus on the SMR dominated T -window, and perform further analysis by adopting the SMR model for metallic bilayers 8 , where we renounce the term which accounts for the absorption of the longitudinal spin current by the FM metal since we estimate it to give a negligible contribution.
The final form of the equation stands as follows:
(1)
where g r = ρ P t λ P t G r and ξ = ρ P t t EuO ρ EuO t P t . Additionally, θ sh is the spin Hall angle in Pt, G r is the real part of G mix and t P t(EuO) , ρ P t(EuO) , λ P t(EuO) denote the thickness, resistivity and spin diffusion length of Pt(EuO 1−x ) respectively. The T -dependent parameters in this equation, particularly G r , have been studied extensively by different groups 5, 20 . Let us first consider a constant value for G r = 1.1 × 10 14 and try to fit the T -dependence of SMR (say 0.20 T data) assuming λ P t to follow a Elliot-Yafet mechanism for spin relaxation, λ P t = C/T 21 , while taking C and θ sh as the fitting parameters. We use the measured ρ P t and estimated ρ EuO ) values of resitivity for the fitting. Evidently, as seen in Fig. 3(c) , other than suggesting an increase at low-T, it fails to reproduce the other features.
Alternately, we can invert Equation (1) to calculate G r such that it reproduces the experimental SMR values exactly. The T -dependence of G r , calculated from 0.20 T data, with λ P t = 1.4 × 10 − 7/T and θ sh = 0.057 (extracted from previous fit but close to reported values 5 ), is shown in Fig. 3(d) . The gradual decay of G r while approaching the Curie temperature has been experimentally demonstrated 5, 7 , which can explain the behavior in the T -range between T EuO and T P . However, the decrease in G r below T EuO is still unresolved. Following arguments by Zhou et al. 9 , this suppression may be a result of enhanced spin-orbit coupling (SOC), which is not accounted for in SMR theories. Such a scenario is supported by recent observations of enhanced SOC at the Pt/EuO 1−x interface 3 .
In conclusion, we have carried out ADMR and FDMR measurements along three different orientations, from 15 K to above the ferromagnetic transition temperature in Pt/EuO 1−x . We evaluated AMR and SMR, which constitute important parameters for spintronic applications, from oopt and oopj geometries respectively. In contrast to SMR, the AMR was found to be non-zero even above the ferromagnetic transition temperature, T P , undergoing two sign crossovers in the measured T -range, with the low-T sign crossover originating from a change in the easy axis of magnetization direction from oop to ip. Finally, we identify a T -range wherein the oopj MR is dominated by SMR and implement the theoretical model for SMR to interpret its T -dependence based on the spin mixing conductance at the Pt/EuO 1−x interface.
